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Abstract
The software system ProCrack, a Python-based tool for the automated ﬁnite element simulation of fatigue crack growth in arbitrar-
ily loaded three-dimensional components is presented. The preprocessing and the ﬁnite element analysis of the cracked structure
are done using the commercial software system Abaqus. The analysis of fatigue crack growth is carried out within the framework
of the classical linear elastic fracture mechanics. A submodelling technique in combination with the interaction integral technique
is used to calculate the range of the stress intensity factors. The application examples illustrate the capability and performance of
the simulation tool ProCrack.
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1. Introduction
Fatigue crack growth describes the slowly progressing failure process in a material or structural component as a
result of cyclic thermal or mechanical loading. About sixty percent of all structural failures in engineering practice are
caused by fatigue crack growth. To ensure safety and durability, the prediction of fatigue crack growth is an important
problem, which has to be coped by modern computational techniques. Due to the three-dimensional geometry and
complex loading conditions of cracked components, the ﬁnite element method (FEM) is the preferred numerical tool
to solve the initial boundary value problems of fracture mechanics (Kuna, 2013).
While simpliﬁed two-dimensional analysis tools are well established (see e.g. Meyer et al. (2006) and Rabold
(2009)), the adaptive treatment of three-dimensional crack growth along curved surfaces is still under current re-
search. The well-established classical method is to rebuild the subdomain around the growing crack by an automatic
element meshing algorithm (Zuo et al., 2005; Zentech International Limited, 2011). In addition, the domain around
the growing crack can be replaced by a submodel technique (Scho¨llmann et al., 2003), which enables a much better
accuracy in calculation of the stress intensity factors.
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The newer approach of the extended ﬁnite element method (X-FEM) uses enriched shape functions for cracks in
combination with marching methods (Sukumar et al., 2003) or level sets (Gravouil et al., 2002; Areias and Belytschko,
2005) to describe the moving crack fronts. The experience with X-FEM shows that the technique is well suited to
simulate the propagating crack discontinuity through a standard FE-mesh, which is adequate to account for loss of
stiﬀness. However, to compute the stress intensity factors with the accuracy needed for proper fatigue crack analysis,
the employed enrichment functions are not suﬃcient (Mutschler et al., 2012; Tru¨mmel et al., 2012).
In the present simulation software, a pragmatic engineering approach is realized, which uses the submodel tech-
nique for accurate crack analysis in combination with an adaptive remeshing scheme. A detailed presentation of the
basic principles is supplied in Rabold et al. (2013).
2. The simulation software ProCrack
The simulation software ProCrack consists of a collection of program modules for the automated ﬁnite element
simulation of fatigue crack growth in pre-cracked structures. ProCrack is based on the ﬁnite element software system
Abaqus, which uses the open-source programming language Python for scripting and customization. Therefore, the
program modules are written in Python, which allows an easy and comfortable development and maintenance of the
simulation program.
The programmodules of ProCrack control the pre- and postprocessing of the crack growth simulation. For practical
reasons, the computational model is based on the Abaqus/CAE tool. Thus, existing models with an arbitrary geometry
can be loaded and analyzed with respect to fatigue crack propagation. The ﬁnite element analysis is carried out with
Abaqus/Standard.
2.1. Program layout
Fig. 1 shows the ﬂowchart of ProCrack. The Abaqus/CAE model of the uncracked component, the geometry of
the initial crack, the parameters for controlling the crack propagation and needed material parameters are used as
input data. The simulation loop within ProCrack represents a crack growth step: After generating the computational
model of the cracked component the ﬁnite element analysis is running. The stress intensity factors are computed
along the crack front with the help of the submodel technique and the internal interaction integral method of Abaqus.
Therefore, a tube-shaped domain surrounding the current crack front of the component is created as an external part
and analyzed separately with the ﬁnite element method. At the end of the step, further fracture-mechanical parameters
are calculated to determine the new crack geometry using the preselected crack growth law.
This crack growth step is executed repeatedly. If no crack growth occurs and the load remains constant, the
simulation of crack propagation is terminated. If the crack has grown through the component, it is assumed that
the load bearing capacity is exceeded or the functionality of the component is no longer available. In this case the
simulation is stopped.
The computational model with the current crack geometry is saved after the Abaqus/CAE preprocessing for later
use in a subsequent step. The results of each crack propagation loop are stored separately, so a restart with adapted
simulation parameters is possible at any time.
2.2. Procedure of crack generation
The modeling of the initial crack and the incremental crack extension is carried out exclusively in the Abaqus/CAE
environment. The crack is described by its crack area at the geometric level and created as a separate part in addition
to the uncracked component inside the CAE model. Here, the crack front is simply discretized by geometric points
connected by straight line segments. The crack area itself is approximated by triangles. For each incremental crack
extension a single layer of triangular elements is added. By this approach, it is easily possible to form a three-
dimensional curved crack front due to the special arrangement of the triangles between the previous and current crack
front.
The geometry model of the cracked component is generated by the Boolean operation in which the crack area
part is cut out of the component part. This method results in a faster preprocessing of the computational model with
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Fig. 1. Flowchart of the crack growth simulation program
growing crack in comparison to the procedure in Rabold et al. (2013). The generation of the actual crack in the
ﬁnite element model is done by a special function in Abaqus/CAE. This function generates the crack front as well
as the opposite crack faces at the ﬁnite element level. The meshing of the component is controlled by a set of user
deﬁned parameters. In addition, ProCrack includes an algorithm for adaptive control of the discretization of the crack
geometry to reduce the numerical eﬀort.
2.3. Determination of crack growth and crack deﬂection
The three-dimensional fatigue crack growth is treated in the framework of the classical linear elastic fracture
mechanics. The basic parameters for the analysis of fatigue crack propagation are the ranges of the stress intensity
factors, which are computed at a certain number of reference points along the three-dimensional crack front. The
Paris law (Paris and Erdogan, 1963) and the Nasgro equation (Forman and Mettu, 1992; NASA, 2000) are available to
calculate the incremental crack growth length at every reference point. This calculation is controlled by a preset value
of the maximum incremental crack length at the crack front or the number of the loading cycles in one incremental
crack growth step.
At each reference point along the crack front the crack grows always in radial direction perpendicular to the crack
front. The deﬂection angle of the crack with respect to its current plane is determined by the maximum circumferential
stress criterion (Erdogan and Sih, 1963).
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Fig. 2. Geometry of the steering arm Fig. 3. Initial meshing with ﬁnite elements
3. Application examples
3.1. Crack growth in a steering arm
In the ﬁrst example the fatigue crack growth under cyclic loading (R = 0.1) in a steering arm is analyzed. The
geometry of the asymmetric component is shown in Fig. 2. The steering arm has ﬁxed displacements at the bottom
and the circular rings around the top of the mounting holes. A cyclic tensile force is applied at the inner surface of
the joint head. The initial surface crack is a penny-shaped corner crack which is placed at the edge of the arm at the
position with the maximum principle stress (see Fig. 2).
The calculation of the crack propagation is based on the Paris law with the parametersC = 5.96·10−9 and m = 2.88,
valid for S355 steel. The initial ﬁnite element mesh with 116069 tetrahedral elements is shown in Fig. 3. The region
around the initial crack, into which the crack will grow, is discretized with ﬁner meshing than the other parts of the
component. The crack growth simulation is automatically stopped after 43 crack growth increments. At this time the
maximum range of the stress intensity factor at the crack front reaches the critical value ΔKc = 43.6MPa
√
m and
further crack growth will become unstable.
Fig. 4. Crack area at the end of the crack growth simulation
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Fig. 5. Crack length versus number of cycles Fig. 6. Detail of the ﬁnite element meshing at the crack
Fig. 4 illustrates the development of the crack area in the steering arm during the simulation. The elliptical curves
represent the crack front paths at certain time steps during the simulation. The distance between two curves is the
crack extension per crack growth increment. As one can see the crack grows faster across the width of the component.
The diagram in Fig. 5 shows the crack length at the surface point versus number of cycles. The detail of the element
meshing of the surface crack at the end of the simulation is displayed in Fig. 6.
3.2. Crack growth in a shaft under torsional loading
In the second example the crack propagation in a shaft under cyclic torsional loading (R = 0.1) is simulated. The
geometry and position of the initial semi-elliptical surface crack is shown in Fig. 7. The y-axis of the local crack
coordinate system is perpendicular to the axis of the shaft. Starting with the same direction of the x-axis and the
axis of the shaft, the coordinate system is clockwise rotated about the y-axis. The crack growth is analyzed for three
diﬀerent rotation angles (15◦, 45◦, 75◦) of the initial crack. The simulation is executed for 19 crack growth increments.
The initial ﬁnite element mesh for the shaft with a surface crack in the 45◦ direction is shown in Fig. 8.
Fig. 9 shows the deformed ﬁnite element mesh in the region of the three diﬀerent surface cracks. As one can see
the crack with an angle of 15◦ immediately propagates in a direction with a steeper angle while the crack with the
rotation angle of 75◦ grows ﬂatter. The surface crack with a direction of 45◦ remains nearly in the same plane. This
behavior is obvious, since the crack has the tending to align perpendicular to the maximum principle stress.
4. Conclusions
The simulation program ProCrack is capable of handling the automated ﬁnite element simulation of three-dimensional




Fig. 7. Geometry and position of the initial surface crack Fig. 8. Initial ﬁnite element mesh for the computational model
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Fig. 9. Detail of the cracks at the surface (rotation angle 15◦, 45◦, 75◦)
merical analysis is carried out with ABAQUS, a software system for ﬁnite element analysis and computer-aided
engineering. Therefore, the geometry of the investigated component and its thermomechanical loading can be arbi-
trary. The method for analyzing the crack within the framework of the linear elastic fracture mechanics is the modiﬁed
crack closure integral or the interaction integral method. Both the Paris law and the Nasgro equation are available
for selection of the crack growth law. The presented application examples show the capabilities of the simulation
program. Due to the use of the open-source computer language Python an easy extension and maintenance of the
simulation program is assured. Forthcoming research is devoted to non-linear fracture mechanics.
References
Areias, P., Belytschko, T., 2005. Analysis of three-dimensional crack initiation and propagation using the extended ﬁnite element method. Interna-
tional Journal for Numerical Methods in Engineering 63, 760–788.
Erdogan, F., Sih, G., 1963. On the crack extension in plates under plane loading and transverse shear. ASME Journal of Basic Engineering 85,
519–527.
Forman, R., Mettu, S., 1992. Behavior of surface and corner cracks subjected to tensile and bending loads in a Ti-6Al-4V alloy, in: Ernst, H.,
Saxena, A., McDowell, D. (Eds.), Fracture Mechanics: Twenty-Second Symposium ASTM STP 1131, American Society for Testing and
Materials, Philadelphia. pp. 519–546.
Gravouil, A., Moes, N., Belytschko, T., 2002. Non-planar 3D crack growth by the extended ﬁnite element and level sets – Part II: Level set update.
International Journal for Numerical Methods in Engineering 53, 2569–2586.
Kuna, M., 2013. Finite Elements in Fracture Mechanics; Theory - Numerics - Applications. Solid Mechanics and its Applications, Vol. 201,
Springer.
Meyer, A., Rabold, F., Scherzer, M., 2006. Eﬃcient ﬁnite element simulation of crack propagation using adaptive iterative solvers. Communications
in Numerical Methods in Engineering 22, 93–108.
Mutschler, P., Schulz, A., Rieck, D., Sander, M., 2012. Ermittlung des zula¨ssigen Inspektionsintervalls fu¨r einen optimierten Twistlock auf der
Basis von Rissfortschrittsanalysen mit ABAQUS (XFEM), in: 44. Tagung des DVM-Arbeitskreises Bruchvorga¨nge, DVM, Berlin. pp. 161–170.
NASA, 2000. Fatigue crack growth computer program ”NASGRO” version 3.0 – reference manual. NASA. Lyndon B. Johnson Space Center,
Texas, USA. JSC-22267B.
Paris, P., Erdogan, F., 1963. Crack tip stress intensity factors for plane extension and plate bending problems. J. Basic Eng.(Trans. ASME, D) 85,
528–543.
Rabold, F., 2009. Simulation der Rissausbreitung mit Hilfe adaptiver Finite-Elemente-Verfahren fu¨r elastische und plastische Materialien. TU
Bergakademie Freiberg, Institut fu¨r Mechanik und Fluiddynamik.
Rabold, F., Kuna, M., Leibelt, T., 2013. PROCRACK: A Software for Simulating Three-Dimensional Fatigue Crack Growth, in: Advanced Finite
Element Methods and Applications. Springer-Verlag. volume 66 of Lecture Notes in Applied and Computational Mechanics, pp. 355–374.
Scho¨llmann, M., Fulland, M., Richard, H., 2003. Development of a new software for adaptive crack growth simulations in 3d structures. Engineer-
ing fracture mechanics 70, 249–268.
Sukumar, N., Chopp, D., Moran, B., 2003. Extended ﬁnite element method and fast marching method for three-dimensional fatigue crack propa-
gation. Engineering Fracture Mechanics 70, 29–48.
Tru¨mmel, N., Rabold, F., Kuna, M., 2012. Numerische Simulation zur Rissentstehung und -ausbreitung mithilfe der X-FEM in Abaqus, in: 44.
Tagung des DVM-Arbeitskreises Bruchvorga¨nge, DVM, Berlin. pp. 151–160.
Zentech International Limited, 2011. Zencrack – A fracture mechanics software for automatic 3D crack propagation analysis.
http://www.zentech.co.uk/zencrack.htm.
Zuo, J., Deng, X., Sutton, M., 2005. Advances in tetrahedral mesh generation for modelling of three-dimensional regions with complex, curvilinear
crack shapes. International Journal for Numerical Methods in Engineering 63, 256–275.
